Homocysteine (Hcy) is regarded as a risk factor for hypertension, but research on the causal relationship between Hcy and hypertension is limited. In the present study, we prospectively tracked the blood pressure progression of a normotensive population with different Hcy levels over a 2-year period. The incidence of hypertension with increasing Hcy quartiles produced an approximately U-shaped curve, with significance in males. Compared with the third quartile, the risk of hypertension in the first and second quartiles was increased by 1.55 (95% confidence interval [CI] 1.154-2.081) fold and 1.501 (95% CI 1.119-2.013) fold, respectively, with the increase being more significant in males. In conclusion, Hcy is related to hypertension incidence with the results approximating an U-shaped curve. Low Hcy levels might also increase the risk of hypertension.
Introduction
Hypertension is regarded as a modifiable risk factor for cardiovascular disease, and is increasing as an economic burden worldwide. Multiple intervention mechanisms are important for controlling and preventing the disease [1] , but its etiology has not been fully elucidated. Recently, hyper-homocysteinemia (HHcy), generally defined as plasma homocysteine (Hcy)$10 mmol/L, has been regarded as a new risk factor related to hypertension [2] [3] [4] [5] .
Hcy is an intermediate sulfur-containing amino acid in the metabolism of methionine. It is recycled either by trans-sulfuration to cysteine or by remethylation to methionine, and is mainly cleared through the kidneys [6, 7] . Numerous nutritional deficiencies (folate, and vitamins B12 and B6 as cofactors of methionine metabolism), genetic variation (methylene tetrahydrofolate reductase), drugs (phenytoin, carbamazepine), or diseases (renal insufficiency) affect Hcy metabolism and influence serum Hcy levels [8] . HHcy causes vascular dysfunction mainly through its oxidative effects, which could reduce vasodilators like nitric oxide as well as promote extracellular matrix accumulation and smooth muscle cell proliferation, which could lead to vascular constriction and stiffness [9, 10] .
Epidemiological studies demonstrated similar distributions of HHcy and hypertension, and both were related to an increased risk of cardiovascular events [3, 11] . In a large epidemiological study (NHANES III) [12] , each 5 mmol/L increase in plasma Hcy levels was associated with an increase in systolic (SBP) and diastolic blood pressure (DBP) of 0.7 and 0.5 mmHg, respectively, in men, and 1.2 and 0.7 mmHg, respectively, in women. However, the effect of Hcy-lowering interventions seemed to be paradoxical in the hypertensive population. Nutritional supplements could lower Hcy levels in most studies, but this was not always related to blood pressure [13, 14] . These results identified the need for prospective studies to illustrate whether there is direct association between Hcy and hypertension, or if these two factors just loosely coexist.
To investigate the causal relationship between Hcy and hypertension based on the Kailuan Study (register number: ChiCTR-TNC-11001489), we prospectively tracked the blood pressure progression of a non-hypertensive population with different Hcy levels for 2 years. The incidence of hypertension and blood pressure progression was investigated, and the risk of incident hypertension by Hcy was evaluated.
Materials and Methods
The study was performed according to the guidelines outlined in the Declaration of Helsinki and was jointly approved by the Ethics Committee of Kailuan General Hospital, Beijing Chaoyang Hospital, and TianTan Hospital. Written informed consent was obtained from all participants.
Study population
According to the sex and age distribution of the country populace aged 40 years and older in the 2005 1% sampling 
Data Collection and Measurements
Epidemiological characteristics were recorded as previously described [15] . Right brachial blood pressure was measured using a mercury sphygmomanometer while the subject was in a supine position after resting for 15 minutes, and the subject was not permitted to have coffee or tea within 30 minutes prior to the measurement. Phases I and V of the Korotkoff sounds were considered as SBP and DBP, respectively. Three measurements taken at 1-2 minute intervals were averaged. High blood pressure was diagnosed according to JNC VI criteria (SBP$140 mmHg, DBP$90 mmHg, or use of antihypertensive medication), and non-hypertensive subjects were classified into the optimal blood pressure group (SBP,120 mmHg and DBP,80 mmHg), normal blood pressure group (SBP: 120-129 mmHg and DBP 80-84 mmHg), and high-normal blood pressure group (SBP: 130-139 mmHg and DBP 85-89 mmHg). Smoking was defined as smoking more than one cigarette a day for at least one year, and also as being an ex-smoker. Alcohol consumption was defined as intake of any alcoholic drinks, and excluded ex-drinkers. Exercise was defined as aerobic exercise for $30 min $3 times per week, including walking, jogging, team sports, and so on. Dietary salt intake was classified as salty (.12 g/d), normal (6,12 g/d), and light (,6 g/d). The study end point was occurrence of hypertension or blood pressure that had progressed more than one stage at the 2012-2013 physical examination.
Venous blood samples (5 mL) were obtained from the antecubital vein in the morning after a 12-h fast. Blood was collected into vacutainers (BD) and placed at room temperature for 20-30 min before centrifugation at 3,000 rpm for 15 min. Serum total cholesterol (TC), triglyceride (TG), fasting blood glucose (FBG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), uric acid (UA), and creatinine (CR) levels were measured. Hcy was measured by fluorescence polarization immunoassay (FPIA, Abbott) on an automated immunoassay analyzer (Abbott). All measurements were carried out in a certified laboratory, and quality control was conducted with each batch. All participants were followed for two years, and all biochemical parameters and blood pressure measurements were collected at the beginning of the study and at each follow-up visit.
Statistical analysis
Database construction was as previously described [15] . Continuous variables were expressed as mean 6 standard deviation (SD), or median (interquartile range [IQR] ). Comparisons between groups were done by t-test or analysis of variance (ANOVA). The distribution of Hcy levels was determined in the whole population and in each sex after dividing into quartiles according to the lg(2Hcy). Logistic regression was performed to study the risk of hypertension and blood pressure progression by Hcy. Data were analyzed using SPSS software version 13.0. Values of P,0.05 were considered statistically significant.
Results

Baseline Clinical Characteristics of the Study population
The cohort of 2427 subjects consisted of 1215 males (49.2%), had an average age of 51.26 years, and average Hcy levels of 12.3 mmol/L at the 2010-2011 physical examination. There were 840 subjects (34.0%) in the optimal blood pressure group, 943 (38.1%) in the normal group, and 689 (27.9%) in the high-normal blood pressure groups. The baseline clinical characteristics are shown in Table 1 .
Incidence of Hypertension and Blood Pressure Progression by Different Hcy Quartiles
The study population included cases who had not experienced cerebral infarction or myocardial infarction and were aged 40 years or older. The distribution of Hcy was skewed, probably due to age. For the skewedness distribution of Hcy, the data were logarithmically transformed before being grouped into quartiles (Table 2) . Of 2427 enrolled subjects, 557 subjects (22.5%) had hypertension after 2 years of follow-up, with an incidence of 24.9% and 20.2% in the male and female cohorts, respectively. For both the whole group and the male cohort, the hypertension incidence distributions were approximately U-shaped (P,0.05), but were not statistically significant (P = 0.065) for the female cohort. Of the overall cohort, 1029 subjects (41.6%) had a blood pressure progression of more than one stage, with an incidence of 40.9% and 42.3% in the male and female cohorts, respectively. There were no statistically significant differences between the quartiles for blood pressure progression (Table 2 and Figure 1 to 4).
Risk of Hypertension and Blood Pressure Progression $1 Stage by Hcy Level
Taking incident hypertension or blood pressure progression $1 stage as the dependent variable and Hcy quartiles, lg(2Hcy), or Hcy $16 mmol/L as independent variables, unconditional logistical regression was applied to assess the risk of blood pressure progression by Hcy level. Model 1 was univariable analyses, model 2 was adjusted for age and gender, and model 3 was a multivariable model further adjusted for other confounding (Table 3) . We then added TC, TG, LDL-C, blood glucose, diabetes, BMI, obesity, and exercise, respectively, to the model as interaction variables with Hcy, No interaction was observed between these risk factors and Hcy (Table 4) .
Risk of Hypertension Based on Hcy Between Genders
Because the distribution of hypertension incidence was different between males and females, we analyzed the risk of hypertension by Hcy quartiles in the two sex cohorts. The results showed that compared with the third quartile, the risk of the first and second quartile was increased (P,0.05) in the male cohort (OR 1.80 [95% CI 1.190-2.723] and 1.533 [95% CI 1.002-2.347], respectively), whereas no statistically significant relationship was found in the female cohort (Table 5) .
Discussion
In the present study, we investigated the association between serum Hcy level and incidence of hypertension in a communitybased cohort during 2 years of follow-up. Interestingly, we found an approximately U-shaped distribution of the incidence of hypertension with increasing Hcy level quartiles. Moreover, in the male cohort, low Hcy level might serve as a risk factor of the disease.
The relationship between HHcy and hypertension has been proposed by multiple researchers, but the causal effect of HHcy on hypertension did not reach a consensus as many of these results were obtained in cross-sectional studies [16, 17] . In the past decade, several prospective studies have focused on this topic; however, the results were ambiguous. In a 4-year follow-up study in 2104 Framingham Heart Study participants [18] , no major relationship between baseline plasma Hcy levels and incidence of hypertension or longitudinal blood pressure progression was found. In 2006, another nested case-control study with 17.5 years of follow up also demonstrated that men with higher Hcy levels had an increased but not statistically significant risk of incident hypertension [19] . A similar result was seen in other prospective studies of multiple biomarkers for the risk of incident hypertension [20, 21] . These results indicated that there was possibly no significant causal relationship between HHcy and hypertension [22] . Collateral controversial evidence [23] came from research showing that higher folate intake during young adulthood was longitudinally associated with a lower incidence of hypertension later in life, but the Hcy levels of subjects in this study were not discussed. Differing from the above results, in this longitudinallydesigned study we observed that the incidence of hypertension in the third quartile was the lowest, which was different from the increasing incidence found in the Framingham Study [18] . Here, we found an approximately U-shaped distribution of incident hypertension risk by Hcy, and this distribution was more evident in the male population. Additionally, we also noted that the mean Hcy levels in the Framingham study were much lower (nearly equal to the first three quartiles in the present study), especially in Table 4 . Interactions Between Related Risk Factors and Hcy. male subjects, further strengthening the difference between the two studies.
After adjusting for the possible confounding factors in logistical regression, the approximate U-shaped distribution of risk was still statistically significant. Compared with the third quartile, the risk of incident hypertension in the first and second quartiles was increased by 1.55 and 1.50 fold, respectively, whereas the forth quartile was not significant. These results led to the conclusion that rather than HHcy, lower Hcy levels might be a risk factor for incident hypertension. Similar results were observed in Bowman's study among male physicians [19] . Although the risk of incident hypertension seemed to increase with higher Hcy levels, we saw an obvious decrease in the fourth quartile, which was also distributed in an approximately U-shaped curve. These results indicate that the causal relationship between HHcy and hypertension might not be simple or absolute, and that there might be an optimal Hcy level existing at relatively higher levels for the prevention of hypertension. Recently, several studies on Hcy responses to antihypertensive therapy were completed, but these results were also conflicting [24] [25] [26] . In a study on the effect of enalapril, a significant increase in plasma Hcy levels (P = 0.02) among hypertensive patients with Hcy ,10 mmol/L was observed, whereas there was no change in patients with Hcy .10 mmol/L [25] . The mechanism and possible underlying relationship with our results still needs further study.
Hcy was regarded as an indicator of oxidative stress status. During HHcy, increased reactive oxygen species, matrix metalloproteinase, and decreased endothelial nitric oxide cause vascular constriction and stiffness, which could lead to essential hypertension [27] . A clinical study came to the same conclusion, that Hcy was a determinant of vascular thickness and compliance in hypertensive patients [28, 29] and that HHcy increased the risk of cerebrovascular complications and glomerular sclerosis [30, 31] . There is a pathogenic effect of Hcy on the vasculature, but the data on the relationship between Hcy levels and vascular biology at the initial stages of hypertension was limited. The results of our study suggest that at an initial stage of hypertension, lower Hcy levels might indicate higher risk of the disease. The Hcy-related vascular lesion should be further investigated.
A gender difference was also noted in the present study. Females had lower Hcy levels compared with males, and Hcy was not a significant risk factor for females. This difference might be due to female hormones, which were demonstrated to have antioxidant effects that may antagonize the risk based on Hcy [32] . Further studies are needed to investigate the mechanism, but gender is an important factor that should be considered in future studies on the relationship between Hcy and hypertension.
This study has some limitations. Firstly, the 2-year follow-up period might be insufficient, and could lead to bias in underestimating the influence of Hcy on the disease. However, as mentioned above, a similar approximately U-shaped curve for risk was found in a 17.5-year follow-up study [33] , and more research or meta-analyses are needed to assess any potential bias. From 2010 to the present, we measured only two blood biochemical parameters. Although the follow-up time was only two years, we also came to the conclusion that the effect of HCY on the incidence of hypertension. The fifth physical examination will occur in 2014, and we will continue to focus on the impact of Hcy on the incidence of hypertension. Secondly, serum folate and vitamin B, which are known to influence Hcy levels, were not evaluated in this study. Thirdly, serum Hcy levels in some of the 2012-2013 physical examinations were missing. Fourthly, we have not completed an analysis of genetic susceptibility for hypertension in our study population.
Conclusion and Perspectives
In this longitudinal study, we found an approximately U-shaped risk distribution of Hcy levels for incident hypertension, especially in males. Other than the increasing risk derived from crosssectional studies and the non significant association found later in several prospective studies, we hypothesize that HHcy might not be simply related to the increasing risk of incident hypertension; moreover, mildly elevated Hcy levels (about 15 mmol/L) might be a protective factor in males.
From the point of view of this study, caution should be used when considering Hcy levels to guide dietary supplementation or therapy aimed at decreasing the risk of hypertension. Simply lowering Hcy levels might not decrease the risk, or even lead to a reverse effect in some specific populations. However, we should also be aware that besides lowering Hcy levels, dietary supplementation with folate or vitamin B, both of which are in the Hcy 
